Several DEG͞ENaC cation channel subunits are expressed in the tongue and in cutaneous sensory neurons, where they are postulated to function as receptors for salt and sour taste and for touch. Because these tissues are exposed to large temperature variations, we examined how temperature affects DEG͞ENaC channel function. We found that cold temperature markedly increased the constitutively active Na ؉ currents generated by epithelial Na ؉ channels (ENaC). Half-maximal stimulation occurred at 25°C. Cold temperature did not induce current from other DEG͞ENaC family members (BNC1, ASIC, and DRASIC). However, when these channels were activated by acid, cold temperature potentiated the currents by slowing the rate of desensitization. Potentiation was abolished by a ''Deg'' mutation that alters channel gating. Temperature changes in the physiologic range had prominent effects on current in cells heterologously expressing acid-gated DEG͞ENaC channels, as well as in dorsal root ganglion sensory neurons. The finding that cold temperature modulates DEG͞ENaC channel function may provide a molecular explanation for the widely recognized ability of temperature to modify taste sensation and mechanosensation. T emperature is known to modulate sensations such as taste and touch. For example, personal experience informs us that temperature is key to the taste of food and wine. The interplay between temperature and sensory perception may occur by many mechanisms, including the direct action of temperature on sensory receptors.
Several DEG͞ENaC cation channel subunits are expressed in the tongue and in cutaneous sensory neurons, where they are postulated to function as receptors for salt and sour taste and for touch. Because these tissues are exposed to large temperature variations, we examined how temperature affects DEG͞ENaC channel function. We found that cold temperature markedly increased the constitutively active Na ؉ currents generated by epithelial Na ؉ channels (ENaC). Half-maximal stimulation occurred at 25°C. Cold temperature did not induce current from other DEG͞ENaC family members (BNC1, ASIC, and DRASIC). However, when these channels were activated by acid, cold temperature potentiated the currents by slowing the rate of desensitization. Potentiation was abolished by a ''Deg'' mutation that alters channel gating. Temperature changes in the physiologic range had prominent effects on current in cells heterologously expressing acid-gated DEG͞ENaC channels, as well as in dorsal root ganglion sensory neurons. The finding that cold temperature modulates DEG͞ENaC channel function may provide a molecular explanation for the widely recognized ability of temperature to modify taste sensation and mechanosensation. T emperature is known to modulate sensations such as taste and touch. For example, personal experience informs us that temperature is key to the taste of food and wine. The interplay between temperature and sensory perception may occur by many mechanisms, including the direct action of temperature on sensory receptors.
Recent studies have suggested that several members of the DEG͞ENaC family of cation channels may function as sensory receptors (for reviews see refs. 1 and 2). In Caenorhabditis elegans, the DEG͞ENaC channel subunits MEC-4 and MEC-10 are expressed in touch cell neurons, where they are thought to form part of the mechanoreceptor complex (3). In mammals, the DEG͞ENaC channel BNC1 (4) [also called MDEG (5), BNaC1 (6), and ASIC2 (2)] is expressed in lanceolate nerve endings at the site of mechanotransduction (7) . Targeted disruption of the BNC1 gene in mice reduced the sensitivity of low-threshold, rapidly adapting mechanoreceptors, indicating that BNC1 is required for normal touch sensation (7) . The related channel subunits ASIC (8) [also called BNaC2 (6) and ASIC1 (2)] and DRASIC (9) [also called ASIC3 (2) ] are also expressed in peripheral sensory neurons; because they are activated by acidic pH, it has been proposed that they play a role in nociception (2) . The mammalian epithelial Na ϩ channel (ENaC) subunits may also function in touch sensation; ␤-and ␥ENaC are expressed in Merkel cell͞neurite complexes, in lamellated corpuscles of the rat foot pad, and in lanceolate nerve endings of the vibrissal follicle (10, 11) . BNC1 and all three ENaC subunits (␣, ␤, ␥) are also expressed in the tongue. On the basis of their localization in the apical membrane of taste receptor cells, DEG͞ENaC subunits may be receptors for salt taste (ENaC) (12) (13) (14) and sour taste (BNC1) (15) . Consistent with these hypotheses, salt taste can be modulated in rats by the ENaC blocker amiloride or hormones that regulate ENaC activity (13, 14) , and BNC1 is activated at proton concentrations that elicit sour taste (15) .
Their location in the skin and tongue place these DEG͞ENaC channels at sites where they are exposed to large fluctuations in environmental temperature. Importantly, even modest changes in temperature are well known to alter sensation. For example, it is widely recognized that temperature modifies taste sensation (16, 17) . In addition, mechanosensation mediated by Merkel cells is potentiated by cold temperatures (18) . The molecular bases for these phenomena are not known, but it is thought that temperature-dependent modulation of ion channel function may be responsible (19) .
The potential role of DEG͞ENaC channels in several aspects of sensation, coupled with their location at sites subjected to significant environmental temperature fluctuations, suggested that variations in temperature could have an important impact on their function. Therefore, we tested the hypothesis that temperature modulates the function of DEG͞ENaC ion channels.
Materials and Methods
DNA Constructs. cDNA constructs for human ␣-, ␤-, and ␥ENaC (20, 21) , human BNC1a (4), human ASIC, mouse DRASIC (22) , and Helix aspersa FaNaCh (23) in pMT3 were generated as previously described. Ser 520 in ␤ENaC was mutated to lysine (␤ S520K ), and Gly 430 in BNC1 was mutated to valine (BNC1 G430V ) (24) by using the Quick-change kit (Stratagene), and sequenced in the University of Iowa DNA Core Facility.
Xenopus Oocyte Expression and Electrophysiology. For measurement of whole-cell current, cDNAs encoding ENaC (␣-, ␤-, and ␥ENaC), BNC1, ASIC, or DRASIC (0.2-1.0 ng each) were injected into the nucleus of Xenopus oocytes. After incubation in modified Barth's solution at 18°C for 16-24 h, we measured whole cell Na ϩ currents (at Ϫ60 mV) by two-electrode voltageclamp with the cells bathed in (in mM) 116 NaCl, 2 KCl, 0.4 CaCl 2 , 1 MgCl 2 , and 5 Hepes (pH 7.4). For experiments in which the pH was altered, Hepes was replaced with 2-(4-morpholino)ethanesulfonic acid (Mes). The bath temperature was changed by perfusion (60 ml͞min, bath volume 0.3-0.4 ml) with solutions at 6°C to 43°C. The bath temperature was monitored with a thermistor probe. Changes in temperature did not alter amiloride-sensitive currents in uninjected oocytes, but did have modest effects on baseline membrane conductance. The effect of temperature on DEG͞ENaC channel kinetics was reversible, and the sequence of temperature changes did not affect the results.
Total BNC1 current was calculated by integrating current
Abbreviations: ENaC, epithelial Na ϩ channel; DRG, dorsal root ganglia.
amplitude for 35 s after pH alteration by using IGOR PRO version 3.1.30 (WaveMetrics, Lake Oswego, OR). To obtain the desensitization time constant of DRASIC and FaNaCh, the desensitization phase of the transient current was fitted to a single exponential by using IGOR PRO. was determined from the equation
where I is the current at a given time (t). Activation energies (E a ) were calculated from the at a given temperature T (in kelvin) by using an Arrhenius plot of ln() versus 1͞T. The slope of the line was then used to calculate the activation energy by the equation
The Q 10 over a 20-30°C range was then calculated from the equation
where T 1 and T 2 are the temperatures in kelvin (293 K and 303 K, respectively). (24, 26) . We tested the effect of temperature on acid-evoked whole-cell Na ϩ currents. At pH 7.4, cold temperature did not induce current in Xenopus oocytes expressing BNC1 (not shown). However, currents elicited by acidic pH were potentiated by cold temperature (Fig. 1A) . The predominant effect of low temperature was to slow desensitization. For example, at 6°C the channel desensitized much more slowly than at 34°C, and it failed to completely desensitize, resulting in a large sustained current. As a result, the integrated current was near maximal at 6°C, and decreased by 85% at 34°C (Fig. 1B) . Temperature had a similar effect when BNC1 was expressed in Xenopus oocytes (Fig. 1 A) and mammalian cells (Fig. 1C) .
COS-7 Cell Expression and
Cold Stimulation of Other Proton-Gated Ion Channels. To determine whether temperature modulates the activity of other protongated DEG͞ENaC channels, we tested ASIC and DRASIC. Acid-gated currents generated by ASIC and DRASIC also showed a marked temperature dependence (Fig. 2A) ; decreasing temperature potentiated the current in a manner similar to that observed with BNC1. We investigated the effect of temperature on the kinetics of DRASIC after application of a pH 4 solution. The kinetics for desensitization were fit to a single exponential. To measure the temperature dependence, we used the Arrhenius plot of the desensitization time constant () to determine activation energy (E a ) of DRASIC desensitization (Fig. 2B) . We then calculated the Q 10 , a measurement of the temperature dependence over 10°C. Desensitization was highly temperature dependent; the E a was 109.3 Ϯ 1.9 kJ mol
Ϫ1
, which corresponds to a Q 10 of 4.4 (Ϯ0.12) between 20 and 30°C. This value was much greater than the Q 10 of 1.3 for aqueous diffusion (27) . BNC1 and ASIC showed similar responses to cold temperature, although their desensitization kinetics were more complex and did not fit a single exponential function.
To determine whether other ligand-gated DEG͞ENaC channels were similarly affected, we investigated the temperature dependence of FaNaCh from the snail Helix aspersa. This ligand-gated DEG͞ENaC channel activates and desensitizes in the continued presence of the peptide FMRFamide (28) . In contrast to acid-gated channels, desensitization of FaNaCh showed little temperature dependence (Q 10 ϭ 1.3, Fig. 2B ).
Stimulation of ENaC by Cold Temperature. We asked whether a non-ligand-gated member of the DEG͞ENaC family is also modulated by temperature. Mammalian ENaC subunits are also expressed in locations exposed to large fluctuations in temperature, including the tongue and peripheral sensory neurons. To determine whether temperature can alter ENaC function, we coexpressed the three subunits that form sodium channels in epithelia (␣, ␤, and ␥) and measured whole-cell Na ϩ current. Unlike the acid-gated channels, ENaC produces currents in the absence of a ligand (21, 29) . Fig. 3A shows that decreasing the bath temperature from 35°C to 10°C produced a large and rapid increase in Na ϩ current. This current was completely inhibited by amiloride (Fig. 3A) , a blocker of ENaC (30, 31) . Stimulation by cold temperature was not dependent on voltage; a temperature of 10°C increased Na ϩ current at all voltages tested (Ϫ120 to ϩ40 mV, Fig. 3B ). Cooling the bath solution generated a graded response; current was maximal at 6°C, and half-maximal activation occurred at Ϸ25°C (Fig. 3C) . Interestingly, cold temperature stimulated ENaC over the same range of temperatures that it stimulated BNC1.
DEG Mutations Abolish Cold Stimulation.
We asked whether the cold-induced stimulation of ENaC and BNC1 was disrupted by mutation of a residue that functions in the gating of DEG͞ENaC channels. Earlier studies found that mutation of a conserved residue (the ''Deg'' residue) just preceding the second membrane-spanning segment activates DEG͞ENaC channels by altering channel gating (32, 33) . Equivalent mutations in some C. elegans DEG͞ENaC channels (e.g., MEC-4, MEC-10) cause neurodegeneration (3). When ENaC contained a mutation at this position (␤ S520K ), cold-induced stimulation was abolished (Fig. 4) . Instead, cold temperature decreased Na ϩ current. The reduction can be at least partly explained by a decrease in ion conductivity as temperature decreases (34) . In BNC1, mutation of the equivalent Deg residue (G430V) produces constitutively active Na ϩ channels (5, 24) . Similar to mutant ENaC, the BNC1 G430V current was not stimulated by cold temperature (Fig.  4) . Thus, the cold-induced stimulation of ENaC and BNC1 requires normal channel gating.
Temperature Modulation of Proton-Gated Currents in Sensory Neu-
rons. Sensory neurons of the DRG express proton-gated DEG͞ ENaC channels, including BNC1, ASIC, and DRASIC. We therefore tested the hypothesis that cold temperature modulates acid-evoked currents in cultured DRG neurons. At 37°C, protons (pH 6) generated a transient Na ϩ current (Fig. 5) . The current was potentiated by lowering the temperature to 22 and 12°C. Similar to the behavior of heterologously expressed DEG͞ENaC channels, potentiation resulted from a slowing of channel desensitization (Fig. 5) . When the neurons were returned to higher temperatures, the potentiation was reversed (not shown). Thus, cold temperature modulates proton-gated currents in sensory neurons, suggesting a potential role for this mechanism in the cold-induced modulation of sensory stimuli.
Discussion
DEG͞ENaC channels in sensory tissues are positioned at sites where they encounter significant temperature variations. Our findings that Na ϩ current was potentiated by reducing the temperature below 37°C, and that currents were half-maximally increased at 23-25°C, suggest that temperature variations in the physiologic range might alter the function of these channels.
The cold-induced increase in current could result from an increase in the number of channels in the membrane, the single-channel current, or the open-state probability. Cold temperature would not likely increase channel insertion into the membrane; low temperatures inhibit this process (35) . Likewise as temperature falls, ionic activity is reduced and current flow through open channels decreases (27) . Instead, the data suggest that cold temperature increased current by altering channel gating. Consistent with this conclusion, reducing the temperature progressively decreased the desensitization rate. The effect was highly temperature dependent, with a Q 10 of 4.4 for DRA-SIC. Also supporting an effect of temperature on gating, mutation of a specific residue preceding the second membranespanning segment abolished the cold-induced stimulation of BNC1 and ENaC. This mutation activates DEG͞ENaC channels by locking them in a high P O state (32, 33) . Thus, the Deg mutation may prevent a further increase in P O as temperature falls. Additional work will be required to understand the mechanisms underlying the effect of cold temperature on desensitization and current.
One tissue where temperature could affect DEG͞ENaC channel function is the tongue. In rats, ENaC and BNC1 are expressed at the apical membrane of taste cells, where they are hypothesized to mediate salt (13, 14) and sour (15) taste, respectively. However, the role of these channels in human taste is unclear. It has been proposed that as salt concentrations increase, cells expressing ENaC progressively depolarize, thereby activating neurons responsible for salt taste. Similarly, activation of BNC1 by acid is also thought to depolarize taste cells, generating the signal for sour taste. Importantly, temperature is well known to modify taste sensation (16, 17) . Thus, we speculate that the cold-induced effects on ENaC and BNC1 might contribute to these phenomena.
The skin is another site where wide temperature swings could alter DEG͞ENaC channel function. BNC1, ASIC, and DRASIC are expressed in sensory neurons of the DRG (7) (8) (9) , and where tested, in specialized cutaneous nerve endings (7) . In cutaneous fibers, these channels may play a role as mechanosensors (7) . The ability of acid to activate current may provide a signature of DEG͞ENaC channel mechanosensory function. ␤-and ␥ENaC have also been localized in specialized cutaneous nerve endings (10, 11) . Although they do not generate current when expressed without ␣ENaC (21, 29) , ␤-and ␥ENaC may combine with other DEG͞ENaC subunits to contribute to mechanosensation (10, 11) . Thus, our finding that cold temperature potentiated DEG͞ ENaC channel currents in heterologous cells, and in medium to large DRG neurons, suggests that cold temperature might modulate the sensory function of these channels. Interestingly, mechanosensation mediated by Merkel cell͞neurite complexes is also potentiated by cold temperature (18) . This mechanism may be responsible for the Weber phenomenon, in which cold objects feel heavier than warm objects (36) . We speculate that DEG͞ ENaC channels may mediate this response.
The DEG͞ENaC channels we studied are also expressed at sites where substantial temperature variations do not occur. For example, ENaC is expressed in kidney and intestinal epithelia (31) , and the acid-gated channels are expressed in brain (5, 8) and in visceral sensory neurons (25, 37) . Certainly, large temperature fluctuations do not occur at these sites. However, even relatively small changes in temperature, which occur with fever or hypothermia, might have biologically important effects on DEG͞ENaC channel function. For example, specific neurons in the central nervous system (preoptic area and anterior hypothalamus) increase their firing rates in response to cooling (38) . These neurons are thought to function in thermoregulation.
The ability of acid to activate current from BNC1, ASIC, and DRASIC has suggested that they may be involved in acid-evoked nociception (2) . If that hypothesis is correct, one might expect increased nociceptor activity at reduced temperature, an eventuality that seems contrary to common observation. However in the case of nociception, as well as taste and mechanosensation, temperature could affect numerous other channels, transporters, and regulatory processes; the integration of all these processes may determine sensory stimulation. For example, temperature also affects another class of ion channel involved in sensation, the vanilloid receptors VR-1 and VRL-1 (39, 40) . However, there are two important differences in the temperature responses. First, DEG͞ENaC currents were enhanced by cold temperature, whereas the vanilloid receptors are stimulated by noxious heat. Second, the temperature stimulus directly activates the vanilloid receptors. In contrast, cold temperature alone did not stimulate BNC1, ASIC, or DRASIC; activation required protons.
Might DEG͞ENaC channels be sensors for cold temperature? Our data do not answer this question, but they raise the possibility. Although cold temperature alone did not stimulate BNC1, ASIC, or DRASIC, it is possible that they detect cold temperature directly under some conditions. ENaC subunits are also candidates to sense cold temperature because they are open in the absence of an extracellular ligand. Interestingly, Cruz and Green (41) recently reported that temperature on its own could elicit taste. They found that exposing the tip of the tongue to cold temperature elicited salt and sour tastes in some subjects. This observation raises the intriguing possibility that ENaC might be involved in the response. Irrespective of whether these channels directly detect temperature, their modulation by cold temperature suggests that further understanding their function may yield new insights into the molecular mechanisms responsible for detecting changes in the environment.
